We report the discovery of methanogenic archaea that account for abrupt 10× increases in methane concentration found by E. Brook at depths of 2954 and 3036 m in the GISP2 (Greenland Ice Sheet Project 2) ice core.
The total microbial concentration we measured with direct cell counts tracks the excesses of methanogens that we identified by their F420 fluorescence. The highly localized (<1 m thick) layers of methanogens suggest flow-induced mixing of layers of microbe-laden anaerobic basal ice with glacial ice. The metabolic rate we found for microbes at 2954 and 3036 m lies roughly on the Arrhenius line for microbes imprisoned in rock, sediment, and basal ice. Equating the loss rate of methane recently discovered in the Martian atmosphere to the production rate by possible methanogens, we estimate that their Martian habitat would be at a temperature of ~0ºC and that the concentration, if uniformly distributed in a 100-m-thick layer, would be ~0.04 cell cm In a study of N 2 O in portions of the Vostok ice core, Sowers found a 30% excess at a depth corresponding to the penultimate glacial maximum (~135 kiloyears ago), where excess bacterial counts and dust had also been found, and he suggested that the N 2 O had been produced in-situ by nitrifying bacteria (6). Flückiger et al. have found excess N 2 O at several depths in the GRIP (Greenland Ice Core Project) ice core (7) and the NGRIP (north GRIP) ice core (8) and have dismissed them as unknown "artifacts" without looking for excess microbes in the ice at those depths. In our recent study (9) of GISP2 basal ice containing up to ~1 wt% silt grains, we found very high concentrations of microbes whose in-situ metabolism accounted for huge excesses of CO 2 and CH 4 3 found at the same depths (10) . The silty, basal ice originated in glacial abrasion of a frozen swamp some 3 x 10 5 years ago (9) . Figure 1 shows data of Brook (11, 12) on the concentration of methane as a function of depth in samples from the GISP2 ice core taken at sparse intervals of ~4 to ~10 m in depth. The present work began when we noticed that his values at 2954 and 3036 m stood out as being an order of magnitude higher than at any other depths he studied (116 to 3038 m). We report here our discovery of methanogenic archaea and other microbial genera at those two depths in clear ice, and that their metabolic rates corresponded to a cellular carbon turnover time of ~300,000 yrs at an ice temperature -11ºC.
From the National Ice Core Laboratory we obtained samples of GISP2 ice at depths ~2954 and ~3036 m, adjacent, within a few cm, to the locations of the samples in which Brook found excess methane. In addition, we obtained ice samples at eight other depths from 150 to 3000 m as a control. We sterilized our equipment by high-temperature baking. In a sterile laminar flow hood, we removed >30% of the exterior of each GISP2 ice sample by rinsing it sequentially with 10M HCl, DNAse-and RNAse-free sterile water, 10 M NaOH, and a final rinse in sterile water in order to eliminate any contamination that might have been introduced during the drilling process or subsequent handling of the samples. This very stringent treatment guaranteed that not only cells but also bacterial spores and nucleic acid were removed from the exterior and destroyed. To test our methods, we made numerous ice samples with sterile water, coated them with various types of bacteria and bacterial spores, subjected them to the same sterilizing procedure we used with the GISP2 sample, and verified, with direct counting methods 4 and culturing, that none of the microbes coated on the ice surfaces made it into the final test sample. This test was verified many times. We processed the GISP2 ice samples together with control samples in a double-blind manner. If, at any stage of our study, one of the control samples showed signs of contamination, we disregarded measurements on accompanying samples.
Microbes in the fluid used for drilling ice cores have been shown to contaminate the outer portions of cores on which biological studies have been done. Christner et al. 2, showed that some of the outermost 3.8 cm portion had been contaminated.
Consequently, we took all of our ice samples from the innermost 2.5 cm extending to the center of the core where the microbial concentration was independent of radial distance.
To count total concentrations of cells, we melted an interior sample at each depth, immediately filtered it through a 0.015 µm Nuclepore filter, stained cells with up to 20 µM of Syto 23, and used a Zeiss Axiovert epifluorescence microscope with a 100X objective. Using the same microscope, we counted methanogens in a melted, unstained, interior sample by viewing the blue-green autofluorescence of the F420 co-enzyme that is accepted as a unique signature of methanogens (14) . Using excitation at 420 nm and a barrier filter with cutoff at 460 nm, we observed this fluorescence in a small fraction of cells in the band ~460-490 nm. To eliminate possible interference due to autofluorescence of micron-size mineral grains that might accompany the microbes, we 5 first exposed cells of the methanogen Methanococcus jannaschii to 420 nm light at high intensity until their F420 fluorescence was destroyed by photobleaching. Then, we subjected mineral grains filtered from melted GISP2 ice to the same photobleaching process. The results showed that mineral grains from GISP2 were far more resistant to photobleaching than were methanogens. Moreover, the minerals tended to fluoresce over a broad spectrum of excitation wavelengths, whereas F420 fluoresced only at 420nm excitation. We used these facts to distinguish F420 signals from possible fluorescence of mineral grains. Although F420 has been detected in cells of several members of all three domains (15) , where it serves a variety of roles, it is abundant only in methanogens. In nonmethanogens its concentration is typically lower by several orders of magnitude (16), and its detection requires purification. Only in methanogens is its autofluorescence visible. Price and Sowers (17) recently showed that the metabolic rates of communities of microbes imprisoned in ice and other solid media can be calculated from the concentrations of trapped gas that they produced during a time t at an absolute temperature T. Equation (1) gives the rate R(T), defined as the fractional rate of turnover of carbon per cell per year:
7 where Y j (T) is the concentration of biogenic gas of type j at ice temperature T (18); n j and m j are concentration and mean mass per microbe of type j; and t is the retention time of the gas in the ice. We used this expression to calculate metabolic rates for production of CH 4 and CO 2 (19). We took m j = 19 fg, based on our measurements of the typical size of cells in the silty ice at the bottom of the GISP2 core (9) . Figure 4 shows our results, together with results from Price and Sowers (17) , we find, using the rate given by the solid diamonds in Fig. 4 , that the temperature of a Martian methanogenic habitat would be ~0ºC. From (27), we find that the Martian subsurface temperature reaches 0ºC at a depth between 150 m and 8 km, depending on soil thermal conductivity, and that the time 
Although it may be possible with a sensitive fluorimeter to detect F420 autofluorescence of 0.04 cell cm -3 , it is unlikely that an instrument can be deployed to a depth of 150 m to 8 km in the foreseeable future. A more practicable strategy would be to use a surface rover to search for sites of above-average methane concentrations (26). 
